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Introduction
Osteoporosis disrupts bone remodelling and is partly responsible for the high fracture incidence at the wrist, spine and hip (Cummings and Melton 2002) . In particular, the structural integrity of the trabecular bone reduces due to the progressive thinning of the trabeculae and loss of connectivity. Numerous indices derived from bone morphometry (Dempster et al. 2013) were therefore developed to capture specific aspects of the trabecular architecture from micro-computed tomography (μCT) (Hildebrand et al. 1999) . The fabric tensor, for instance, describes its overall orientation distribution (Cowin 1986 ), while the individual trabecula segmentation (ITS) focuses on the discretization between plate-like and rod-like trabeculae (Zhou et al. 2014) .
To a large extent, morphological indices are redundant (Hildebrand et al. 1999) and their intrinsic value needs to be evaluated. As those metrics can be retrieved in vivo from highresolution peripheral quantitative CT (HR-pQCT) (Zhou et al. 2014) or simply estimated from dual energy X-ray absorptiometry (DXA) via textural analyses (Pothuaud et al. 2008) , their ability to refine fracture risk assessment constitutes a frequent evaluation criterion.
However, the risk of fracture is not as deterministic as bone mechanics since it largely depends on random events leading to falls. Accordingly, we recently proposed to compare most of the existing morphological parameters on a mechanical basis and chose trabecular stiffness as a point of comparison (Maquer et al. 2015) . Against popular belief, we showed that bone volume fraction and anisotropy are the best determinants of the elastic properties of human trabecular samples assessed via micro-finite element (μFE) analyses (Maquer et al. 2015) . Yet, the failure mechanisms of trabecular bone are complex and results pertaining to its elasticity may not be true for its yield properties.
The aim of the present study is to determine whether the superior predictive value of bone volume fraction and anisotropy holds for yield strength, the onset of bone failure, using validated nonlinear μFE modelling. Additionally, the relative contributions of these two metrics to stiffness and yield strength will be compared.
Materials and methods

Morphological indices
An overview of the study is given in Fig. 1 . μCT and μFE data of 126 cubic biopsies were reanalysed (Panyasantisuk et al. 2015a (Panyasantisuk et al. , 2015b . Those samples (5.3 mm side length) were extracted from three femoral heads (two female donors; 66±8 years) and scanned (μCT40, SCANCO Medical, Switzerland). The images were coarsened from 18 to 36 μm voxel size.
Bone volume fraction (BV/TV), structure model index (SMI), connectivity density (Conn.D), bone surface (BS), trabecular thickness (Tb.Th, Tb.Th.SD) and spacing (Tb.Sp, Tb.Sp.SD) were evaluated via BoneJ (Doube et al. 2010) .
Plate (p, P) and rod (r, R) parameters: pBV/TV, rBV/TV, axial BV/TV (aBV/TV), tissue fraction (pBV/BV, rBV/BV), connection densities (PP Junc.D, RR Junc.D, PR Junc.D), plate surface (Tb.S), rod length (rTb.l), trabecular numbers (pTb.N, rTb.N) and thicknesses (pTb.Th, rTb.Th) were provided by ITS software of the Columbia University (http://innovation.columbia.edu/technologies/m05-076_3d-individual-trabeculasegmentation-its-morphological-analysis-and-modeling-technique).
The anisotropy of the samples was measured via mean intercept length and was represented by a fabric tensor (Cowin 1986 ) that was normalized into a dimensionless positive definite second-order tensor (Zysset and Curnier 1995):
(1)
This fabric tensor describes the three-dimensional arrangement of the trabecular structure. Its spectral decomposition is characterized by three eigenvectors ( , , ) representing the main directions of anisotropy and three eigenvalues ( 1 < 2 < 3 ) representing the magnitude of anisotropy along the corresponding eigenvectors. In particular, the degree of anisotropy (DA) of the samples is calculated as the ratio of the largest and the smallest eigenvalues.
Based on the original description of the trabecular bone score (TBS), the initial slope of the variogram (ISV) reflects the heterogeneity of a planar image by computing the relative change of intensity between neighbouring pixels . ISV x , ISV y , ISV z were computed on projections of the µCT reconstructions along x, y and z-axes.
Numerical testing
μCT voxels were automatically converted to hexahedral finite elements. Based on this prior work, each element was assigned isotropic elastic properties (Young modulus of 10GPa and Poisson ratio of 0.3), while an approximated Drucker-Prager criterion accounted for the asymmetric yield behaviour of the bone tissue (0.54% tensile yield strain and 0.81% compressive yield strain). Displacement-controlled scenarios were chosen to load our samples using large deformation formulation as detailed elsewhere (Panyasantisuk et al. 2015a (Panyasantisuk et al. , 2015b . Kinematic uniform boundary conditions were prescribed via displacements u on each position x of the sample's boundary Γ: u(x) = ε x, ∀x ∈ Γ and with ε being the applied strain tensor. Three shear, three tensile and three compressive tests were thus performed up to 2% nominal strain via ParFEAP 8.3. Apparent elastic and yield properties of each sample were computed based on the slope of the normalized stress-strain curves and using a 0.2% strain offset criterion.
Relationship between morphological indices, stiffness and yield strength
The idea of the study is to determine all the morphological indices that can improve the prediction of the mechanical properties of the trabecular structure. First, those indices were successively included in isotropic and anisotropic regression models inspired by the Zysset-Curnier relationship (Panyasantisuk et al. 2015a (Panyasantisuk et al. , 2015b to determine the best single predictor. Isotropic models were exclusively based on the variable of interest replacing BV/TV in the relationship, while anisotropic models also considered the eigenvectors and eigenvalues of the fabric tensor. Multi-linear problems created after log transformations of those relationships were solved in order to approximate the elastic and yield properties.
Adjusted coefficient of determination (R 2 adj ) and residual standard error (RSE) were used to quantify the contribution of each structural variable. Unlike the regular coefficient of determination (R 2 ), R 2 adj accounts for the number of explanatory variables (p) in the multilinear model relative to the sample size (n). R 2 adj increases only if the increase in R 2 is more than expected by chance, i.e. if a new explanatory variable really improves the description of the variance of the dependent variable given by the model (Kvålseth 1985) . RSE is as well a measure of the goodness of fit. It tells us how strongly the observed values (y i ) vary around the fitted ones (y � ). Those parameters are computed as follows:
Still, even after determining the best predictor of the mechanical behaviour of cancellous bone, it remained unclear whether adding other morphological indices along to the best predictor can improve the model. Thus, in a second step, the "global model" was generated by including: 1) the single best predictor, 3) the fabric tensor and 3) all the other morphological indices that were shown to be independent (Fig. 1) . 
Results
The ranges of BV/TV, fabric eigenvalues, degree of anisotropy and computed stiffness and yield strength of our samples were broad (Table 1 ). The predictive power of the morphometric variables is presented in Table 2 . The models represented consistently better stiffness than yield strength. Replacing each morphological index in the isotropic models confirmed that BV/TV is the best single determinant of both stiffness (R 2 adj = 0.895, RSE = 0.254 MPa) and yield strength (R 2 adj = 0.755, RSE = 0.291 MPa) of trabecular bone.
Anisotropy models always showed a higher predictive value than the isotropic ones. This is particularly striking when the fabric tensor is included along BV/TV, with improvements seen in stiffness (R 2 adj = 0.985 i.e. +10% improvement compared to isotropic model and RSE however, negligible (<0.5%) (Fig. 2) .
Discussion
We know for more than 100 years that bone remodelling aligns the trabeculae along the principal stress directions, so the strong relationship existing between fabric and elasticity tensors is not surprising (Cowin 1986 ). There is also ample evidence that the uni-and multiaxial yield properties of trabecular samples are captured by fabric-based criteria (Wolfram et al. 2012 ). This study rests on the rigorous statistical analysis of a large panel of morphological parameters, including the fabric tensor. The latter describes the threedimensional trabecular arrangement, whereas the question of anisotropy is often addressed by simply tilting the main trabecular axis (Bevill et al. 2009a) or via the simplistic degree of anisotropy. The results confirm the superior value of BV/TV and fabric tensor in terms of stiffness prediction, but also demonstrate that both variables are the best determinants of yield strength as well. Accounting for the plate-or rod-like shape of the trabeculae did not improve the stiffness and yield strength predictions of the BV/TV-fabric tensor models.
The relevance of the morphological indices
The value of indices other than BV/TV and fabric tensor is not denied. In fact, some metrics were found solid determinants of stiffness and yield strength. Simply, many were redundant and were thus excluded from the global model by the VIF selection. There is no consensus regarding the cut-off value below which factors can be safely considered unrelated, even if Our findings show that the fabric tensor more largely contributes in explaining the variance of yield strength than it does for stiffness. The elastic constants reflect the asymptotic stiffness of the trabecular structure for very small deformations. Its overall yielding, however, involves small deformations of axial trabeculae, but also large bending deformations of thinner transverse trabeculae (Bevill et al. 2006 ) and is therefore more sensitive to their orientation distribution (Matsuura et al. 2008) .
Strengths of the study
Unlike our prior work limited to elasticity (Maquer et al. 2015) , this study relied on fully nonlinear µFE analyses. Local large deformations such as bending of the trabeculae and the nonlinear material behaviour of bone tissue were accounted for. In particular, tissue-level yielding was simulated by an elasto-plastic material law validated against tensile and compressive tests of trabecular biopsies (Schwiedrzik et al. 2015 (Wolfram et al. 2012 ). All yield parameters showed a very good match if the samples were in the same BV/TV range.
Further considerations
A notable difference with our previous work (Maquer et al. 2015) is the sole use of samples cored from femoral heads of two female donors. Nevertheless, the architecture and stiffness of the samples obtained from these two donors were broadly distributed and consistent with previous studies using samples extracted from femurs, radii, vertebrae and patellae (Gross et al. 2013 , Panyasantisuk et al. 2015a , Latypova et al. 2016 . The superior value of BV/TV and anisotropy for predicting stiffness hardly depends on density range, anatomical site, or gender (Maquer et al. 2015) . We can therefore reasonably speculate that our findings would hold for other anatomical sites and gender, but the final demonstration requires further simulations.
Although the study accounted for 25 structural indices, the new ellipsoid factor (Salmon et al. 2015) was not included. This index essentially provides plate and rod measures, which is an aspect that was largely explored via 14 ITS indices.
Other considerations are related to our modelling choices. Although the µFE models were produced from µCT images coarsened to 36 μm voxel size, reliable estimates of strength can be achieved with voxel sizes up to 80 μm (Bevill et al. 2009b ). Another point is that our material law was validated against tensile and compressive tests, but not against shear (Schwiedrzik et al. 2015) , which is still better than deriving shear strength from a model only validated under compression (Sanyal et al. 2012 ). Finally, the µFE technique overlooks the fact that trabecular bone tissue is heterogeneous. For some authors, assuming otherwise leads to an overestimation of the trabecular stiffness (Blanchard et al. 2013 ). Yet in fact, mineral heterogeneity has a minor influence on the trabecular stiffness . In reality, trabecular tissue is also anisotropic. Tensor tomography can quantify this anisotropy via 3D
reconstructions of the mineralized fibrils, but for single trabeculae only (Liebi et al. 2015) .
On the other hand, modelling the trabecular tissue isotropic actually induces little to no error in the µFE results (Cowin 1997) . More important, perhaps, is the accumulation of tissue microdamage that significantly reduces trabecular stiffness and strength (Hernandez et al. 2014 ). Those microcracks are not captured by µCT and are thus not accounted for by our µFE models. Aspects such as altered composition, lamellar organization, and pre-existing microcracks may need to be considered in future studies, but assuming homogenous isotropic properties has at least the advantage of uncoupling tissue-level from structural considerations (the latest being our focus).
Conclusions
Despite few shortcomings, this study showed that stiffness and yield strength of femoral 
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